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ABSTRACT: We show that non-minimal inflation, based on the φ4 potential, may be rendered unitarity
conserving and compatible with the Planck results for 4.6 · 10−3 ≤ r21 = c2R/c21R ≤ 1, if we intro-
duce a linear contribution (c1Rφ) to the frame function which takes the form fR = 1 + c1Rφ + c2Rφ2.
Supersymmetrization of this model can be achieved by considering two gauge singlet superfields and com-
bining a linear-quadratic superpotential term with a class of logarithmic or semi-logarithmic Ka¨hler potentials
with prefactor for the logarithms including the inflaton field−(2n+3) or−2(n+1)where−0.01 . n . 0.013.
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I. INTRODUCTION
Although excellently compatible with data [1–3], (quartic)
non-minimal inflation (nMI) based on the potential
VCI(φ) = λ
2φ4/4 (1)
and realized [4, 5] thanks to the presence of a non-minimal
coupling function
fR(φ) = 1 + cRφ
2 (2)
between the inflaton φ and the Ricci scalarR, suffers from an
inconsistency [6, 7] with the validity of the effective theory.
Indeed, the establishment of the inflationary stage with φ ≤ 1
– in the reduced Planck units withmP = 1 – requires large cR
values which drive the Einstein frame (EF) inflationary scale
V̂
1/4
CI = V
1/4
CI /f
1/2
R (3)
to values well above the Ultraviolet (UV) cut-off scale
ΛUV = mP/cR (4)
of the effective theory which, thereby, breaks down above it
– a criticism of these results may be found in Ref. [8]. Sev-
eral ways have been proposed to surpass this inconsistency.
E.g., incorporating new degrees of freedom at ΛUV [9], or as-
suming additional interactions [10], or introducing a sizable
kinetic mixing in the inflaton sector which dominates over fR
[11–14] or even adding an R2 term [15]. In the case of high-
scale nMI this problem can be also eluded invoking a large
inflaton vacuum expectation value (v.e.v) 〈φ〉 as in Refs. [16–
19]. Unitarity-conserving nMI can be also achieved by con-
sidering a scalar field, which exhibits a linear contribution to
its non-minimal coupling to gravity, in addition to the Stan-
dard Model (SM) Higgs field which is coupled quadratically
to gravity [20, 21].
In a recent paper [22] we propose a novel solution to the
aforementioned problem which works only in the context of
Supergravity (SUGRA) and is relied on the adoption of an ex-
clusively linear non-minimal coupling to gravity in conjunc-
tion with an appropriate selection of the prefactor of the loga-
rithm of the Ka¨hler potential. We here suggest an alternative
solution, operative also in non-SUSY settings. It is tied to the
presence of a subdominant linear term into fR, which thereby
takes the form
fR(φ) = 1 + c1Rφ+ c2Rφ
2 . (5)
In a such case, the canonically normalized inflaton φ̂ is related
to the initial field φ as φ̂ ∼ c1Rφ at the vacuum of the theory,
in sharp contrast to what we obtain for fR in Eq. (2) where
φ̂ ≃ φ. Indeed, φ̂ is given in terms of φ using the formula [5]
dφ̂
dφ
=
√
1
fR
+
3
2
(
fR,φ
fR
)2
(6)
where the symbol , φ as subscript denotes derivation with re-
spect to (w.r.t) the field φ. From Eq. (6) we can easily infer
that if fR is linear [7, 23] or if it includes a linear contri-
bution fR,φ 6= 0 and so φ̂ 6= φ at the vacuum of the the-
ory which typically is given by the condition 〈φ〉 = 0. As a
consequence, the small-field series of the various terms of the
action, expressed in terms of φ̂, contain powers of the ratio
r21 = c2R/c
2
1R – and not of the parameters c1R or c2R ap-
pearing in the right-hand side (r.h.s) of Eq. (5) – preventing,
thereby, the reduction of ΛUV belowmP for r21 ≤ 1, despite
the fact that c1R and c2R may be large.
Although the present proposal is “tailor-made” for the non-
SUSY regime of the quartic nMI, we prefer to investigate the
relevant setting in the context of SUGRA in order to enrich
the parameter space of the model and highlight its differences
with the proposal of Ref. [22]. Indeed, the emergent pic-
ture here is radically different from that found in Ref. [22].
Namely, the inflationary potential is of Starobinsky type and
the observables crucially depend on the ratio r21 which is an
extra parameter w.r.t those employed in Ref. [22]. On the
other hand, we do not consider any mixing of the inflaton with
other fields as in Ref. [21] and so our setting is considerably
simplified.
Below, in Sec. II, we describe how we can formulate this
kind of unitarity-safe nMI both within a SUSY and non-SUSY
framework. The dynamics of the resulting inflationary models
is studied in Sec. III and these are tested against observations
in Sec. IV. Finally, we analyze the UV behavior of the models
in Secs. V and summarize our conclusions in Sec. VI.
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II. SUSY VERSUS NON-SUSY FRAMEWORK
Here we shortly remind the establishment of nMI within a
non-SUSY framework – in Sec. IIA – and then in the context
of SUGRA – see Sec. IIB.
A. Non-SUSY Setting
Non-Minimal Inflation (i.e., nMI) is formulated in the Jor-
dan frame (JF) where the action of the inflaton φ is given by
S =
∫
d4x
√−g
(
−fR
2
R+ 1
2
gµν∂µφ∂νφ− VCI(φ)
)
.
(7a)
Here g is the determinant of the background Friedmann-
Robertson-Walker metric, gµν with signature (+,−,−,−)
whereas V is given by Eq. (1). By performing a conformal
transformation [5] according to which we define the EF metric
ĝµν = fR gµν with determinant ĝ, we can write S as follows
S =
∫
d4x
√
−ĝ
(
−1
2
R̂+ 1
2
ĝµν∂µφ̂∂ν φ̂− V̂CI(φ̂)
)
,
(7b)
where R̂ is the EF Ricci scalar curvature, V̂CI is given as a
function of φ by the virtue of Eq. (3) with fR defined by
Eq. (5). If we wish to couple this model to the SM, we have
to assume that the SM fields are minimally coupled to gravity
and the potential mixing of φ to the SM Higgs field is very
weak – cf. Ref. [21].
B. Supergravity Embeddings
A convenient implementation of nMI in SUGRA is
achieved by employing two singlet superfields zα = Φ, S,
with Φ (α = 1) and S (α = 2) being the inflaton and a “stabi-
lizer” field respectively. We below describe the salient feature
of our SUGRA setting in Sec. IIB 1 and outline the derivation
of the inflationary potential in Sec. IIB 2.
1. Set-up
The EF action for zα’s can be written as [24]
S =
∫
d4x
√
−ĝ
(
−1
2
R̂+Kαβ¯ ĝµν∂µzα∂νz∗β¯ − V̂
)
,
(8)
where the summation is taken over the scalar fields zα,
Kαβ¯ = K̂,zαz∗β¯ with K
β¯αKαγ¯ = δ
β¯
γ¯ and V̂ is the EF F–
term SUGRA scalar potential which can be extracted once the
superpotential W and the Ka¨hler potential K have been se-
lected, via the formula
V̂ = eK
(
Kαβ¯DαWD
∗
β¯W
∗ − 3|W |2
)
(9)
whereDαW = W,zα+K,zαW is the Ka¨hler covariant deriva-
tive.
The presence of the stabilizer field S facilitates the repro-
duction of Eq. (3) from Eq. (9) by placing S at the origin.
Then, the only surviving term in Eq. (9) is
V̂CI = e
KKSS
∗ |W,S |2 , (10)
and the numerator in Eq. (3), originating from Eq. (1), can be
derived if we adopt the following superpotential
W = λSΦ2 . (11)
W can be uniquely determined if we impose two symmetries:
(i) an R symmetry under which S and Φ have charges 1 and
0; (ii) a global U(1) symmetry with assigned charges −1 and
1 for S and Φ. The derivation of the denominator in Eq. (3),
with fR defined in Eq. (5), can be obtained, though, by violat-
ing the latter symmetry as regards Φ. Indeed, we employ one
of the Ka¨hler potentials below
K1 = −N ln (1 + FR + F ∗R − F−/N + F1S) , (12a)
K2 = −N ln (1 + FR + F ∗R − F−/N) + F2S , (12b)
whereN > 0 and the functions FR and F− are defined as
FR = c1RΦ/
√
2 + c2RΦ
2 and F− = −1
2
(Φ− Φ∗)2 .
(13)
From these, the first one allows for the introduction of the
polyonimic non-minimal coupling fR in Eq. (5), whereas the
second one assures canonical normalization of Φ without any
contribution to the non-minimal coupling along the inflation-
ary path – cf. Ref. [13]. On the other hand, the functions FlS
with l = 1, 2 are defined as
F1S = − ln
(
1 + |S|2/N) , (14a)
F2S = NS ln
(
1 + |S|2/NS
)
, (14b)
and offer canonical normalization and safe stabilization of S
during and after nMI [25]. We avoid here to study K’s ob-
tained by placing F− outside the argument of ln since the
resulting models exhibit a more complicate inflationary dy-
namics which leads to observables drastically deviating from
those in non-SUSY case, as shown in Ref. [22].
The construction of Eq. (7a) can be obtained within
SUGRA if we perform the inverse of the conformal transfor-
mation described above Eq. (7b) with
fR = −Ω/N, (15)
and specify the following relation betweenK and Ω,
−Ω/N = e−K/N ⇒ K = −N ln (−Ω/N) . (16)
Working along the lines of Refs. [23, 24] we arrive at the JF
action
S =
∫
d4x
√−g
(
Ω
2N
R+ ωαβ¯∂µzα∂µz∗β¯ − V
− 27
N3
ΩAµAµ
)
with ωαβ¯ = Ωαβ¯ +
3−N
N
ΩαΩβ¯
Ω
·
(17)
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Here V = Ω2V̂ /N2 is the JF potential and Aµ is [24] the
purely bosonic part of the on-shell value of the auxiliary field
found to be
Aµ = −iN
(
Ωα∂µz
α − Ωα¯∂µz∗α¯
)
/6Ω. (18)
We note that, contrary to the non-SUSY case – see Eq. (7a)
–, we obtain a kinetic mixing in Eq. (17) which, along the
inflationary trough ImΦ = S = 0, can be cast in the form
ωαβ¯ =
1 + (N − 3)f2R,φ/4fR 0
0 fRKSS∗
, (19a)
where
KSS∗ =
{
1/fR for K = K1,
1 for K = K2 .
(19b)
From Eq. (19a) we see that canonical kinetic terms arise for
N = 3 and K = K1. On the contrary, for N 6= 3 there is
some kinetic mixing which, however, does not disturb essen-
tially the realization of nMI and allows us to obtain adjustable
inflationary observables – see Sec. III.
2. Inflationary Potential
We here verify that the proposed W and K’s in Eqs. (11)
and (12a) or (12b) result to an inflationary model approaching
V̂CI in Eq. (3) with fR defined in Eq. (5) and φ̂ found by
Eq. (6). Indeed, computing V̂CI in Eq. (10), along the direction
Φ = Φ∗ and S = 0, or s¯ = s = θ = 0 , (20)
if we express Φ and S according to the parametrization
Φ = φeiθ/
√
2 and S = (s+ is¯)/
√
2 , (21)
we can extract the final form of V̂CI in Eq. (10)
V̂CI =
λ2φ4
4f
2(n+1)
R
=
λ2φ4
4fNR
·
{
fR for K = K1
1 for K = K2.
(22)
Here we take into account Eq. (19b) and introduce n through
the relation
N =
{
2n+ 3 for K = K1,
2(n+ 1) for K = K2.
(23)
For n = 0, V̂CI reduces to the one obtained in Eq. (3) with
fR shown in Eq. (5). This choice is special since it yields in-
teger N ’s which are more friendly to string theory. However,
non-integer N ’s are also acceptable [12, 14, 18, 26] and as-
sist us to cover the whole allowed domain of the observables.
More specifically, for n < 0, V̂CI remains an increasing func-
tion of φ, whereas for n > 0, it develops a local maximum
V̂CI(φmax) where
φmax =
4
c1R
(
n− 1 +
√
(n− 1)2 + 16nr21
)−1
. (24)
TABLE I: Mass squared spectrum along the path in Eq. (20).
FIELDS EINGE- MASS SQUARED
STATES K = K1 K = K2
1 real scalar θ̂ 6(1− 1/N)Ĥ2CI 6Ĥ
2
CI
2 real scalars ŝ, ̂¯s 6c2RĤ2CIφ
2/N 6Ĥ2CI/NS
2Weyl ψ̂S±ψ̂Φ√
2
(4− c1R(N − 4)φ− 2N¯c2Rφ2)2
spinors 3Ĥ2CI/4Nc
2
2Rφ
4
N¯ = N − 3 N¯ = N − 2
In a such case we are forced to assume that hilltop [27] nMI
occurs with φ rolling from the region of the maximum down
to smaller values.
To specify the EF canonically normalized inflaton, we note
that, for both K’s in Eqs. (12a) and (12b), Kαβ¯ along the
configuration in Eq. (20) takes the form(
Kαβ¯
)
= diag (KΦΦ∗ ,KSS∗) , (25)
whereKSS∗ is given by Eq. (19b) and
KΦΦ¯ = (2fR +Nc
2
1R + 4Nc
2
2Rφ
2 + 4Nc1Rc2Rφ)/2f
2
R .
(26)
Therefore, the EF canonically normalized fields, denoted by
hat, are defined via the relations
dφ̂
dφ
=
√
KΦΦ∗ = J, θ̂ = Jθφ and (ŝ, ̂¯s) =√KSS∗(s, s¯)
(27)
and the spinors ψS and ψΦ associated with the superfields S
and Φ are normalized similarly, i.e., ψ̂S =
√
KSS∗ψS and
ψ̂Φ = JψΦ. For N = 3 the leftmost equality in Eq. (27)
reduces to Eq. (6) which is valid in the non-SUSY regime.
Taking the limit c1R ≪ c2R we can verify that the config-
uration in Eq. (20) is stable w.r.t the excitations of the non-
inflaton fields, finding the expressions of the masses squared
m̂2χα (with χ
α = θ and s) arranged in Table I, which ap-
proach rather well the quite lengthy, exact expressions taken
into account in our numerical computation. These expres-
sions assist us to verify that the positivity of m̂2χα requires
1 < N < 6 forK = K1 andNS < 6 forK = K2. Moreover,
for both masses squared we obtain m̂2χα ≫ Ĥ2CI = V̂CI/3
for φf ≤ φ ≤ φ⋆ – where φ⋆ and φf are the values of φ
when k⋆ = 0.05/Mpc crosses the horizon of nMI and at
its end correspondingly. In Table I we display the masses of
the corresponding fermions too. The derived mass spectrum
can be employed in order to find the one-loop radiative cor-
rections, ∆V̂CI, to V̂CI. The resulting ∆V̂CI lets intact our
inflationary outputs, provided that the renormalization-group
mass scale Λ, is determined by requiring ∆V̂CI(φ⋆) = 0 or
∆V̂CI(φf) = 0. The possible dependence of our findings on
the choice of Λ can be totally avoided if we confine ourselves
to 0 < NS < 6 resulting to Λ ≃ (1.1 − 2.5) · 10−3 for
K = K1 or Λ ≃ (1.72−2.9)·10−5 forK = K2. Under these
circumstances, our inflationary predictions can be exclusively
reproduced by using V̂CI in Eq. (22) – cf. Ref. [12].
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III. INFLATION ANALYSIS
From the setting of our models we can easily deduce that
their free parameters, for fixed n, are r21 = c2R/c
2
1R and
λ/c21R and not c1R, c2R and λ as naively expected. In fact,
if we perform a rescaling φ = φ˜/c1R, Eq. (7a) preserves its
form replacing φ with φ˜ where fR and VCI, respectively, read
fR = 1 + φ˜+ r21φ˜
2 and VCI = λ
2φ˜4/4c41R, (28)
which, indeed, depend only on r21 and λ/c
2
1R. Note that here
we have the same number of parameters with those employed
in the models of Refs. [12–14] and one parameter more than
those in Ref. [22].
These parameters may be constrained by applying the in-
flationary criteria. In particular, the period of slow-roll nMI is
determined in the EF by the condition [28]
max{ǫ̂(φ), |η̂(φ)|} ≤ 1, (29a)
where the slow-roll parameters ǫ̂ and η̂ read
ǫ̂ =
(
V̂CI,φ̂/
√
2V̂CI
)2
and η̂ = V̂CI,φ̂φ̂/V̂CI (29b)
and can be derived by employing V̂CI in Eq. (22) and J in
Eq. (27), without express explicitly V̂CI in terms of φ̂. In the
limit c1R ≪ c2R, the numerator in Eq. (26) is dominated by
4Nc22Rφ
2 whereas the denominator by 2c22Rφ
4 and so we can
achieve the approximate formula
J ≃
√
2N/φ, (30)
which turns out to be rather accurate. Inserting this into
Eq. (29b) we arrive at the following results
√
ǫ̂ =
1√
NfR
(
2nc2Rφ
2 − (1− n)c1Rφ− 2
)
(31a)
and
η̂ =
1
Nf2R
(
8 + c1Rφ
(
7− 9n+ (n(8n− 9)− 1)c2Rφ2
)
+ φ2
(
2c21R(1 − n)2 + 4c2R(n(2c2Rnφ2 − 5)− 1)
))
.
(31b)
We can numerically verify that Eq. (29a) is saturated for φ =
φf ≪ 1, which is found from the condition
η̂ (φf) ≃ 1 ⇒ φf ≃ 1 + 9n
Nc1Rr21
, (32)
where we keep from the expression in Eq. (31b) the most sig-
nificant terms for φ≪ 1.
The number of e-foldings N̂⋆ that the scale k⋆ = 0.05/Mpc
experiences during this nMI and the amplitude As of the
power spectrum of the curvature perturbations generated by
φ can be computed using the standard formulae
(a) N̂⋆ =
∫ φ̂⋆
φ̂f
dφ̂
V̂CI
V̂CI,φ̂
and (b) As =
1
12π2
V̂ 3CI
V̂ 2
CI,φ̂
∣∣∣∣∣∣
φ̂=φ̂⋆
,
(33)
where φ⋆ [φ̂⋆] is the value of φ [φ̂] when k⋆ crosses the infla-
tionary horizon. Taking into account Eq. (30) and φ⋆ ≫ φf ,
from Eq. (33a) we find
N̂⋆ ≃ −N(1 + n)
2n(1− n) ln
(
1− 2nc1Rr21φ⋆
1− n
)
. (34a)
Solving the equation above w.r.t φ⋆ we find
φ⋆ ≃ (1− en)(1 − n)
2nr21c1R
where en = e
−2(1−n)nN̂⋆/N(1+n) .
(34b)
Taking the limit n→ 0 of the results above, we obtain
N̂⋆ ≃ Nc1Rr21φ⋆ ⇒ φ⋆ ≃ N̂⋆/Nc1Rr21. (34c)
From the last expressions above we easily infer that there is
a lower bound on c1R, – e.g. for n = 0 we find c1R &
N̂⋆/Nr21 – above which φ⋆ ≤ 1 and so, our proposal can
be stabilized against corrections from higher order terms.
Inserting Eq. (34b) into Eq. (33b) we can derive a constraint
on λ/c21R for chosen r21, i.e.,
λ
c21R
≃ 2 72−2nπen
√
3As
N
(
1 + en +
1− en
n
)n
(1 − n)n
(
nr21
1− en
)1−n
. (35a)
Substituting en from its definition in Eq. (34b) and computing
the limit n→ 0, the above expression may be simplified as
λ ≃ 4
√
6NAsc
2
1Rπr21/N̂⋆ . (35b)
Taking into account the definition of r21, we infer that λ is
proportional to c2R for n = 0 similarly to the original nMI
[4, 5], where λ is proportional to cR.
The remaining inflationary observables are found from the
relations
ns = 1− 6ǫ̂⋆ + 2η̂⋆, r = 16ǫ̂⋆, (36a)
as = 2
(
4η̂2⋆ − (ns − 1)2
)
/3− 2ξ̂⋆, (36b)
where the variables with subscript ⋆ are evaluated at φ = φ⋆
and ξ̂ = V̂CI,φ̂V̂CI,φ̂φ̂φ̂/V̂
2
CI. Inserting φ⋆ from Eq. (34b) into
Eqs. (31a) and (31b) and then into equations above we can
obtain some analytical estimates. These become more mean-
ingful, expanding successively the results for low r21, n and
1/N̂⋆. Our final, quite accurate expressions are
ns ≃ 1− 2
N̂⋆
− 2n
N
− 4N
N̂2⋆
− 16nr21
N̂⋆
, (37a)
r ≃ −32n
N̂⋆
+
16N
N̂2⋆
− 32nN
N̂2⋆
(1 + 2r21)
+
64N2
N̂3⋆
(1 + 8n) r21, (37b)
as ≃ − 2
N̂2⋆
− 4n
N̂2⋆
− 12N
N̂3⋆
. (37c)
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Due to the approximations made, the results for n = 0 are
not obtained by taking the relevant limit of the expressions
above. Repeating the procedure, i.e., plugging Eq. (34c) into
Eqs. (31a) and (31b) and expanding successively the results
for low r21 and 1/N̂⋆ we find
ns ≃ 1− 2
N̂⋆
+
2N
N̂2⋆
− 8N
N̂2⋆
r21, (38a)
r ≃ 16N
N̂2⋆
− 32N
2
N̂3⋆
+
64N2
N̂3⋆
r21, (38b)
as ≃ − 2
N̂2⋆
+
6N
N̂3⋆
− 20N
N̂3⋆
r21. (38c)
We remark a weak dependence of the results on n and r21
which may deviate from the ones obtained in the contempo-
rary nMI [4, 5].
IV. NUMERICAL RESULTS
Our analytic findings above can be verified numerically and
employed in order to delineate the available parameter space
of the models. In particular, we confront the quantities in
Eq. (33) with the observational requirements [22]
N̂⋆ ≃ 61.3 + 1
2
ln
(
V̂CI(φ⋆)fR(φ⋆)
g
1/6
rh∗ V̂CI(φf)
1/2
)
≃ 58− 60 (39a)
and As ≃ 2.105 · 10−9, (39b)
where we assume that nMI is followed in turn by a oscillatory
phase, with mean equation-of-state parameter wrh ≃ 1/3, ra-
diation and matter domination. Also grh∗ = 228.75 or 106.75
is the energy-density effective number of degrees of freedom
which corresponds to the Minimal SUSY SM or SM spectrum
respectively.
Enforcing Eqs. (39a) and (39b) we can restrict λ/c21R and
φ⋆ and compute the models’ predictions via Eqs. (36a) and
(36b), for any selected r21 and n. The outputs, encoded as
lines in the ns − r0.002 plane, are compared against the obser-
vational data [1, 3] in Fig. 1 for K = K1 – here r0.002 =
16ǫ̂(φ0.002) where φ0.002 is the value of φ when the scale
k = 0.002/Mpc, which undergoes N̂0.002 = (N̂⋆ + 3.22)
e-foldings during nMI, crosses the horizon of nMI. We draw
dot-dashed, double dot-dashed, solid, dotted and dashed lines
for n = 0.001, 0.005, 0,−0.005 and −0.01 respectively and
show the variation of r21 along each line. We take into ac-
count the data from Planck and Baryon Acoustic Oscillations
(BAO) and the BK14 data taken by the BICEP2/Keck ArrayCMB
polarization experiments up to and including the 2014 observ-
ing season. Fitting the data above [2, 3] with ΛCDM+r we
obtain the marginalized joint 68% [95%] regions depicted by
the dark [light] shaded contours in Fig. 1. Approximately we
may write
(a) ns = 0.967± 0.0074 and (b) r ≤ 0.07, (40)
at 95% confidence level (c.l.) with |as| ≪ 0.01. The constraint
on |as| is readily satisfied within the whole parameter space of
our models.
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FIG. 1: Allowed curves in the ns − r0.002 plane for K = K1, n =
0,±0.005,±0.01 (using the line types shown in the plot legend) and
various r21’s indicated on the lines. The marginalized joint 68%
[95%] regions from Planck, BK14 and BAO data [2] are depicted
by the dark [light] shaded contours. The minimal and maximum r’s
(corresponding to the minimal r21’s) for the n’s shown in the plot are
shown in the table forK = K1 orK2.
From Fig. 1 we observe that the allowed ns and r values
increase as n decreases. More interestingly, for any selected
n there is a lower (rmin21 ) and an upper (r
max
21 ) bound on r21
which is translated correspondingly to an upper (rmax) and a
lower (rmin) bound on r. Namely, the origin of rmin21 comes
from the requirement that λ has to remain within the domain
of the validity of the perturbation theory and so it has to be
lower than about
√
4π ≃ 3.5. On the other limit, the vari-
ous lines terminate for rmax21 ≃ 1, beyond which the effective
theory ceases to be well defined – see Sec. V. The bounds pro-
vided by these constraints together with the rmin21 ’s are listed
in the Table of Fig. 1. These values are found not only for
K = K1 but also for K = K2 for the sake of compari-
son. Indeed, had we employed K = K2 the various lines in
Fig. 1 would have been remained almost intact with the same
rmax21 ’s and the r
min
21 ’s acquiring the values arranged in the Ta-
ble. From our findings we see that, forK = K1, a little larger
r’s are achieved, in accordance with our analytic expressions
in Eqs. (37b) and (38b). Since r & 0.0032, our models are
testable by the forthcoming experiments [29], which are ex-
pected to measure r with an accuracy of 10−3.
For n = 0 and N = 3 – recall Eq. (26) – we obtain the
results for the non-SUSY regime. Moreover, this n value re-
sults to integer N ’s, – via Eq. (23) – in the SUSY regime,
which may be regarded as the theoretically most favored. In
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FIG. 2: Allowed (shaded) region in the n− r21 plane forK = K1.
The constraint fulfilled along each line is also shown on it.
particular, forK = K1 and N = 3 we get
9.67 .
ns
0.1
. 9.69 and 1.2 &
r
0.01
& 0.9 , (41)
whereas for K = K2 and N = 2 we get the same ns interval
with r ranging between the two values indicated in the Table
of Fig. 1. In both cases we have |as| ≃ 0.00049 − 0.00054.
Therefore, the compatibility of these outputs with the obser-
vational values in Eq. (40) is certainly impressive.
Varying continuously n we can identify the allowed region
in the n − r21 plane – as in Fig. 2. The allowed (shaded) re-
gion is bounded by the solid black line, which corresponds
to r21 ≃ 1, the dashed black line which originates from the
boundλ ≤ 3.5 and the dot-dashed and dashed gray lines along
which the lower and upper bounds on ns in Eq. (40) are sat-
urated respectively. We remark that increasing n, with fixed
r21, ns decreases, in accordance with our findings in Fig. 1.
Fixing ns to its central value in Eq. (40), we obtain the gray
solid line along which we get clear predictions for n and r.
Namely,
2 .
n
0.001
. 5, 0.0046 . r21 . 1 and 9.8 &
r
0.001
& 6.4,
(42a)
with as/10
−4 ≃ −(4.5 − 4.9). Had we employed K = K2,
the allowed region in Fig. 2 would have been remained very
similar whereas Eq. (42a) would have been modified as fol-
lows
0.3 .
n
0.001
. 2, 0.0085 . r21 . 1 and 7.8 &
r
0.001
& 5.6.
(42b)
We complete our numerical analysis by studying the struc-
ture of V̂CI. We fixK = K1, φ⋆ = 1 and r21 = 0.05 and draw
V̂CI in Eq. (22) (gray, black and light gray lines) as a function
of φ for n = −0.01, 0 and 0.01 respectively. The correspond-
ing values of λ, c1R, ns and r are listed in the second, third,
fourth and fifth leftmost columns of the Table below the graph,
not only for K = K1 but also for K = K2 for comparison
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0
0.1
0.2
0.3
0.4
0.5
0.6
, ,  φ
, ,  φf
   n         λ / 10-1
- 0.01      6.25
  0           3.55
  0.01      2.04
     r21 = 0.05
 
 
V C
I 
(10
-
 
9 )
φ
  
>
φ
max
*
n/ NUMERICAL VALUES ANALYTIC VALUES
0.01 λ c1R/102 ns r/0.01 λ φ⋆ ns r/0.01
K = K1
−1 0.625 5.3 0.973 1.7 0.67 0.97 0.975 1.5
0 0.355 4.2 0.967 1.2 0.397 0.95 0.968 1.1
1 0.204 3.35 0.96 0.78 0.23 0.95 0.963 0.64
K = K2
−1 1.56 8.9 0.975 1.4 1.67 0.97 0.975 1.4
0 0.64 6.3 0.967 0.78 0.73 0.95 0.968 0.79
1 0.275 4.55 0.956 0.43 0.32 0.96 0.955 0.34
FIG. 3: The inflationary potential V̂CI as a function of φ for K =
K1, φ > −0.1, r21 = 0.05, and n = −0.01, λ = 0.625 (gray line),
n = 0, λ = 0.355 (black line), or n = +0.01, λ = 0.204 (light
gray line). The values of φ⋆, φf and φmax (for n = 0.01) are also
indicated. Some of the parameters of our models for the n’s shown in
the plot are displayed in the Table forK = K1 orK2 and employing
our numerical or analytic formulae.
purposes. In all cases as ≃ −5 · 10−4. These results are
obtained by our numerical code taking into account exact ex-
pressions for V̂CI, J and the other observables – i.e., Eqs. (22),
(27), (33), (36a) and (36b). These values are also consistent
with those obtained by employing the formulas of Sec. III –
i.e., Eqs. (34a), (35a) and (37a) – (38c) – and displayed in the
four rightmost columns of the Table in Fig. 3. Note that in the
case of analytic expressions we prefer to compare φ⋆ derived
by Eq. (34b) with φ⋆ = 1, used in all cases numerically, and
let c1R as input parameter. Moreover, we observe that V̂CI is
a monotonically increasing function of φ for n ≤ 0 whereas
it develops a maximum at φmax = 2.96, for n = 0.01, which
leads to a mild tuning of the initial conditions of nMI since
φ⋆ ≪ φmax. It is also remarkable that r increases with the
inflationary scale, V̂
1/4
CI , which in all cases is roughly of the
order of 0.01mP. Since V̂
1/4
CI ≪ mP and mP is the UV cut-
off scale of the theory – as we show in Sec. V –, the classical
approximation, used in our analysis is perfectly valid. Finally,
it is worth emphasize that V̂CI is of Starobinsky-type although
〈φ〉 = 0 in sharp contrast to the models of induced-gravity
inflation [16, 18, 19] where 〈φ〉 ≫ 0.
7 Unitarizing nMI via a Linear Contribution to the Frame Function
V. EFFECTIVE CUT-OFF SCALE
The main motivation of the nMI proposed in this work is
that it is unitarity-safe, despite the fact that its implementation
with subplanckian φ values requires relatively large c1R and
c2R values – see, e.g., the Table of Fig. 1. To show that this
fact is valid we extract below the UV cut-off scale, ΛUV, ex-
panding the action in the JF – see Sec. VA – and in the EF –
see Sec. VB.
A. Jordan Frame Computation
Thanks to the special dependence of fR on φ in Eq. (5),
the interaction between the excitation of φ about 〈φ〉 = 0,
δφ, and the graviton, hµν preserves the perturbative unitarity
for r21 ≤ 1. Indeed, we expand gµν about the flat spacetime
metric ηµν and the inflaton φ about its v.e.v,
gµν ≃ ηµν + hµν and φ = 0 + δφ . (43)
Retaining only the terms with up to two four-dimensional
derivatives of the excitations, the part of the lagrangian cor-
responding to the two first terms in the r.h.s of Eq. (7a) takes
the form [8, 18]
δL = −〈fR〉
8
GEH (h
µν) +
1
2
〈fK〉 ∂µδφ∂µδφ
+
1
2
GR (h
µν)
(
〈fR,φ〉 δφ+ 1
2
〈fR,φφ〉 δφ2
)
= −1
8
GEH
(
h¯µν
)
+
1
2
∂µδφ∂
µδφ+
1
ΛUV
δφ
2
✷h¯ + · · ·
(44)
where 〈fK〉 = 1 for the non-SUSY case and 〈fK〉 = 1 +
(N − 3)c21R/2 – see Eq. (19a) – for our SUGRA scenaria.
Therefore, forN = 3 the results below reduce to that obtained
in the non-SUSY regime. The functions GEH and GR are
identical to the functions FEH and FR defined in Ref. [18];
h¯µν and δφ are the JF canonically normalized fields defined
by the relations
δφ =
√〈
f¯R
〉
〈fR〉 δφ with f¯R = fKfR +
3
2
f2R,φ
and h¯µν =
√
〈fR〉hµν + 〈fR,φ〉√〈fR〉ηµνδφ . (45)
Taking into account that 〈φ〉 = 0 we find 〈fR〉 = 1 and〈
f¯R
〉
= 1 +Nc21R/2 ≃ Nc21R/2.
The possible problematic process, which causes [6] con-
cerns about the unitarity-violation, is the δφ − δφ scatter-
ing process via s-channel graviton, h
µν
, exchange originating
from the last term in the r.h.s of Eq. (44) with h = h
µ
µ. The
UV cut-off scale ΛUV is identified as follows
Λ−1UV ≃ c2R
√〈fR〉〈
f¯R
〉 ≃ 2r21
N
⇒ ΛUV ∼ r−121 . (46)
Therefore, the theory retains the perturbative unitarity up-to
mP for r21 ≤ 1.
B. Einstein Frame Computation
Alternatively, ΛUV can be determined in EF, following the
systematic approach of Ref. [7]. We concentrate here on the
SUGRA versions of our model. The transition to the non-
SUSY case can be easily achieved setting n = 0 or N = 3.
The EF (canonically normalized) inflaton is
δ̂φ = 〈J〉 δφ with 〈J〉 =
√
1 + c21R
N
2
≃ c1R
√
N
2
. (47)
From the last expression, we can clearly appreciate the impor-
tance of the linear term in fR, Eq. (5), to distinguish δ̂φ from
δφ – recall that in the standard non-minimal Higgs inflation
[6, 8] δ̂φ = δφ. As anticipated in Sec. I, this fact implies that
our models are valid up to mP. To prove it, we focus on the
second term in the r.h.s of Eq. (8) for µ = ν = 0 and we
expand it about 〈φ〉 = 0 in terms of δ̂φ. Our result is written
as
J2φ˙2 ≃
(
1− 2(1− 2r21)
√
2
N
δ̂φ+ (3− 10r21) 2
N
δ̂φ
2
− (2− 9r21) 4
N
√
2
N
δ̂φ
3
+ · · ·
)
˙̂
δφ
2
, (48a)
where we neglect terms suppressed by powers of r21 and in-
verse powers of c1R – since r21 ≤ 1 and c1R ≫ 1. Expanding
similarly V̂CI, see Eq. (22), in terms of δ̂φ we have
V̂CI ≃ λ
2δ̂φ
4
N2c41R
(
1− 2(1 + n)
√
2
N
δ̂φ
+
(
3 + 5n− 2(1 + n)r21
) 2
N
δ̂φ
2
−
(
2 +
13
3
n− (3 + 5n)r21
)
4
N
√
2
N
δ̂φ
3
+ · · ·
)
.
(48b)
Consequently, we verify again that our models preserve the
perturbative unitarity up tomP for r21 ≤ 1.
VI. CONCLUSIONS AND PERSPECTIVES
We presented a unitarized version of non-minimal inflation
(i.e. nMI) which fits the Planck data very well. The main nov-
elty of our proposal is the consideration of a linear term into
the frame function, Eq. (5), – involving the parameter c1R –
apart from the usual quadratic term proportional to c2R and
the quartic potential in Eq. (1). This setting can be elegantly
implemented not only in non-SUSY regime but also within
SUGRA, employing the super- and Ka¨hler potentials given
in Eqs. (11) and (12a) or (12b) and extending the parameter
space of the model by one parameter n defined in Eq. (23).
Our investigation reveals that n has to be tuned into the in-
terval ((−0.01)− 0.013). Confining ourselves to the most
natural value n = 0, we achieved observational predictions
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which may be tested in the near future and converge towards
the “sweet” spot of the present data for r21 = c2R/c
2
1R into
the range (4.6 · 10−3 − 1) – see Fig. 1. Thanks to the pres-
ence of the non-vanishing c1R, no problem with the perturba-
tive unitarity arises for r21 ≤ 1, although the attainment of
nMI with subplanckian values requires relatively large c1R’s
(and c2R’s). It is gratifying, finally, that the allowed parame-
ter space of our models can be studied analytically and rather
accurately.
As a last remark, we would like to point out that, al-
though we have restricted our discussion to a gauge singlet
inflaton, the applicability of our proposal can be easily ex-
tended to gauge non-singlet fields. Indeed, the unitariza-
tion of non-minimal Higgs inflation based on the potential
VHI = λ
2(Φ†Φ)2/4 – where Φ is now a Higgs field in the
fundamental representation of an SU(N ) gauge group –, ac-
cording to our suggestion here, requires the consideration of
the frame function fR = 1 + c1R
√
Φ†Φ + c2RΦ
†Φ – cf.
Ref. [5, 21]. The second non-analytic term in the r.h.s of
the expression above, although unusual, is perfectly accept-
able. In this case, the inflationary predictions are expected
to be quite similar to the ones obtained here, although the
parameter space may be further restricted from the data on
the Higgs mass. Indeed, we should take into account the
renormalization-group running of the various parameters from
the inflationary up to the electroweak scale in order to connect
convincingly the high- with the low-energy phenomenology –
cf. Ref. [30]. Since our main aim here is the demonstration
of the modification on the observables of nMI due to the in-
troduction of the linear term in fR, we opted to utilize just a
gauge-singlet inflaton.
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